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CROSS-REFERENCE TO RELATED APPLICATIONS 

This application claims the benefit of U.S. Provisional Application No. 
60/258,492, filed on December 29, 2000, which is incorporated herein by 
reference in its entirety. 

BACKGROUND OF THE INVENTION 

Field of the Invention 

[0001] The present invention generally relates to phase noise reduction in 

oscillator circuits, and more specifically to phase noise reduction in differential 
crystal oscillator circuits. 

Background Art 

[0002] Radio frequency (RF) transmitters and receivers perform frequency 

translation by mixing an input signal vAth a local oscillator (LO) signal. 
Preferably, the LO signal should have a frequency spectrum that is as close to a 
pure tone as possible in order to maximize system performance during the signal 
mixing operation. The deviation of the LO signal from a pure tone is quantified 
as phase noise or phase jitter, and is generally referred to as spectral purity. In 
other words, a LO signal with good spectral purity has low phase noise. 

[0003] Typically, the LO signal is generated from a lower frequency reference 

signal in order to maximize spectral purity. The lower frequency reference signal 
is often frequency multiplied to generate the higher frequency LO signal. For 
instance, a phase lock loop (PLL) generates an output signal that is a frequency 
multiple of an input reference signal, but is phase-locked to the input reference 
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signal. In some applications, several multiplication stages are required to achieve 
the desired LO frequency. 

[0004] Frequency multiplication can negatively impact spectral purity by 

increasing phase noise in the output LO signal. Phase noise increases because 
frequency multiplication (which is equivalently phase multiplication) enhances 
phase noise spectral density as the square of the multiplication factor. Therefore, 
the higher order multiplication of a noisy reference signal is to be avoided. 

[0005] A crystal oscillator is often used to generate the reference signal because 

of its inherently low phase noise attributes. A crystal oscillator includes an active 
device and a crystal, where the impedance of the crystal is a short (or an open) 
circuit at a natural resonant frequency. By connecting the crystal in parallel with 
the active device, a positive feedback path is created between the oscillator 
terminals at the crystal resonant frequency. The positive feedback causes the 
active device to oscillate at the crystal resonant frequency. 

[0006] A crystal resonator has a relatively high quality factor, or "Q", when 

compared to other types of resonators. Therefore, the bandwidth of the crystal 
resonemce is relatively, narrow so that the impedance change of the crystal in the 
vicinity of its resonant frequency is relatively abrupt. The relatively high Q of the 
crystal improves the spectral purity of a crystal oscillator output signal because 
the crystal resonance determines the frequency of oscillation for the active device 
in the oscillator. Accordingly, a crystal oscillator has a relatively low phase noise 
compared to other resonant oscillator configurations. 

[0007] The active device in the crystal oscillator typically includes one or more 

transistors that can be configured in various arrangements. Transistors necessarily 
require some type of bieis circuitry to power the transistors. The bias circuitry 
typically includes one or more resistors, which inherently produce thermal noise 
that is proportional to the total resistance. The thermal noise voltage modulates 
the zero crossings of the oscillation waveform, and increases the phase noise floor 
around the oscillation frequency. The increased phase noise floor detracts from 
the inherently low phase noise of a crystal oscillator. Additionally, as stated 
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aboye, a high phase noise floor is undesirable in reference signals that drive 
frequency synthesizers because the output phase noise increases with square of 
any frequency multiplication that is performed by the synthesizer. 
[0008] Therefore, what is needed is an oscillator circuit architecture that nullifies 

the thermal noise voltage that is created by the bias resistors that power the active 
device in the oscillator circuit. 

BRIEF SUMMARY OF THE INVENTION 

[0009] The present invention is directed to an external inductor circuit that 

reduces phase noise in a resonant oscillator circuit. The external inductor circuit 
provides a DC path across the oscillator output terminals and shorts-out thermal 
noise that is generated by the oscillator circuit, thereby preventing the thermal 
noise from increasing the phase noise floor of the oscillator output signal. 

[0010] A resonant oscillator circuit includes an active device and a resonator, 

such as a crystal resonator. The resonator causes the active device to oscillate at 
the resonant frequency fo of the resonator by creating positive feedback (or 
negative resistance) in the active device at the resoneint frequency fo. 

[0011] The active device includes one more transistors that require DC bias 

circuitiy to provide power for the transistors. The DC bias circuitry typically 
includes one or more resistors that generate thermal noise that increases in 
proportion to the total resistance. The external inductor circuit is connected across 
the terminals of the oscillator circuit, and in parallel with the resonator. The . 
external inductor circuit shorts-out the thermal noise from the resistors so the 
thermal noise does not increase the phase noise floor of the oscillator output 
signal. 

[00 12] The external inductor circuit includes an inductor and a resistor connected 

in series, which provide the DC path that shorts-out the thermal noise from the 
' bias resistors. The value of the inductor is sufficiently large so as not to interfere 
with the positive feedback path that is created by the resonator at the resonant 
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frequency fo. In other words, the parallel combination of the inductor and the 
resonator should not substantially shift the resonant frequency fo of the resonator, 
so as not to change the operating frequency of the oscillator. This can be 
accomplished by assuring that any parasitic resonance caused by the external 
inductor is sufficiently lower in frequency than the intended resonant frequency 
of the resonator. 

[0013] The value of the resistor is sufficiently large to suppress any unwanted 

parasitic oscillations that are caused by the external inductor resonating with the 
resonator capacitance. However, the resistor in the external inductor circuit should 
be no larger than necessary as it will generate its own thermal noise that is 
proportional to the resistor value just like the bias resistors for the active device. 
In embodiments, the resistor value is no larger than the bias resistors associated 
with the active device. 

[0014] Further features and advantages of the present invention, as well as the 

structure and operation of various embodiments of the present invention, are 
described in detail below with reference to the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS/FIGURES 

[0015] The present invention is described with reference to the accompanying 

drawings. In the drawings, like reference numbers indicate identical or functionally 
similar elements. Additionally, the left-most digit(s) of a reference number 
identifies the drawing in which the reference number first appears. 

[0016] FIG. 1 A illustrates an oscillator configuration; 

[0017] FIG. IB illustrates an ideal oscillator output signal that does not include 

phase noise; 

[0018] FIG. 1 C illustrates an oscillator output signal that does include phase noise; 

[0019] FIG, 2A illustrates a series resonant circuit: 

[0020] FIG. 2B illustrates a parallel resonant circuit; 

[0021] FIG. 2C illustrates a crystal resonator; 
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[0022] FIG. 2D illustrates an equivalent circuit for a crystal resonator; 

[0023) FIG. 2E illustrates a crystal resonator having an additional capacitance in 

parallel with the crystal resonator; 
[0024] FIG. 2F illustrates an equivalent circuit for the crystal resonator having the 

additional capacitance; 
[0025] FIG. 3 A illustrates an impedance plot for a series resonant device; 

[0026] FIG. 3B illustrates an impedance plot for a parallel resonsuice device; 

[0027] FIG. 3C illustrates an impedance plot for a crystal resonator having a series 

resonance and a parallel resonance; 
[0028] FIG. 4 illustrates various resonant circuit impedance plots for different Q 

values; 

[0029] FIG. 5 illustrates a synthesizer that is driven by a oscillator; 

[0030] FIG. 6 illustrates an oscillator 600 that has an external inductor circuit to 

short-out thermal noise that is generated by the oscillator bias resistors according 

to embodiments of the invention; 
[0031] FIG. 7 illustrates a flowchart 700 that further describes the operation of the 

oscillator 600; 

[0032] FIG. 8 illustrates a differential crystal oscillator 800 according to 

enibodiments of the present invention; 
[0033] FIG. 9 illustrates the differential crystal oscillator 800 with an external 

inductor circuit to short-out thermal noise that is generated by the oscillator bias 

resistors according to embodiments of the present invention; and 
[0034] FIG. 1 0 illustrates an altemate embodiment for the external inductor circuit 

according to embodiments of the present invention. 
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DETAILED DESCRIPTION OF THE INVENTION 

1. Oscillator Configuration 

[0035] FIG. I A illustrates an oscillator circuit 100 having a resonator 102, an 

active device 104, and at least one resistor 106 to bias the active device 104. The 
oscillator 100 generates the output signal 1 12 that is preferably a pure tone in the 
frequency domain at the resonant frequency fo of the resonator 102, as shown in 
FIG IB. 

[0036] Realistically, the output signal 11 2 is not a pure tone because of the phase 

noisQ that is associated with the oscillator circuit 100. As shown in FIG. IC, the 
phase noise manifests itself as energy "skirts" 1 14 around the oscillation frequency 
fo. To quantify phase noise, the noise power in a unit frequency bandwidth 1 16 is 
determined at an offset 1 1 8 from the resonant frequency fo. The measured noise 
power in bandwidth 1 16 is then divided by the average total power in the output 
signal 1 12 to calculate a value for the phase noise. 

[0037] The active device 104 is capable of oscillating when there is positive 

feedback (or a negative resistance) between an input terminal 108 and an output 
terminal 110. For instance, the active device 104 can include one or more 
transistors that have sufficient gain at the frequency of interest to oscillate. 
Exemplary transistors include a field effect transistor (FET) and a bipolar junction 
transistor (BJT). In embodiments, the active device 104 is configured to include 
a cross-coupled differential pair of transistors, which is described further herein. 

[0038] The resonator 102 is connected across the terminal 108 and the terminal 

110 of the active device 1 04, and has an impedance that approaches a short circuit 
or an open circuit at the resonant frequency fo. For example and without 
limitation, the resonator 102 can be a series LC circuit 201 (FIG. 2 A), a parallel 
LC circuit 207 (FIG, 2B), or a crystal 214 (FIG. 2C), all of which are described in 
further detail below. At the resonant frequency fo, the resonator 102 causes the 
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positive feedback that is required for the active device 1 04 to oscillate and produce 
the output signal 1 12. 

[0039] The series LC circuit 201 has an inductor 202, a capacitor 204, and a 

parasitic resistor 206 that are connected in series. The impedance of the LC circuit 
201 is depicted in FIG. 3 A. As shown in FIG. 3 A, the impedance of the LC circuit 
201 approaches 0 ohms at the resonant frequency fo, as this is the frequency where 
the impedance of the inductor 202 and the capacitor 204 cancel each other. The 
resonant frequency fo is determined according to the following equation: 

fo = (1/27C) • l/sqrt(LC) Eq. 1 

. Ideally, the resistance of the parasitic resistor 206 is 0 ohms, in which case the 
impedance of the LC circuit 201 would be 0 ohms at the resonant frequency fo. 
Practically, the resistance of the parasitic resistor 206 is non-zero, and therefore 
the resistance of the LC circuit 201 at fo is not 0 ohms. The quality factor (or "Q") 
quantifies bandwidth (or "sharpness") of the resonance based on the ratio of the 
circuit reactance and the parasitic resistance according the equation: 

Q=(27cfoL)/R Eq. 2 

As shown by Eq, 2, Q increases for the series LC circuit 201 as the resistance R 
decreases. Correspondingly, the oscillator Q and spectral purity also increases as 
the resistance R decreases, 
[0040] Referring to FIG: 2B, the parallel LC circuit 207 has a capacitor 208, an 

inductor 210, and a resistor 212 that are connected in parallel. The impedance of 
the LC circuit 207 is depicted in FIG. 3B, As shown in FIG. 3B, the impedance of 
the LC circuit 207 approaches an open circuit at the resonant frequency fg, as this 
is the frequency where the admittance of the inductor 210 and the capacitor 208 
cancel each other out. Ideally, the pcu-asitic resistor 212 is infinite (i.e. an open 
circuit), in which case the impedance of the LC circuit 207 would be an ideal open 
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circuit at the resonant frequency fo. Practically, the parasitic resistor 212 is a not 
infinite, and therefore the impedance of the LC circuit 207 at fo is not infinite. Q 
for a parallel LC circuit is determined according to the following equation: 

Q= 27cf;,RC Eq. 3 

As shown by Eq. 3, Q increases for the parallel LC circuit 201 as the resistance R 
increases. Correspondingly, the oscillator Q and spectral purity also increases as 
the resistance R increases. 

[0041] The crystal 214 has a reciprocal relationship (called the piezoelectric 

effect) between the mechanical deformation along one crystal axis and the 
appearance of an electrical potential along a second crystal axis. Therefore, 
deforming a crystal will separate charges and produce a voltage at the crystal 
terminals. Conversely, an applied voltage across the crystal will deform the crystal. 
If the applied voltage is sinusoidal with a variable frequency, then the crystal will 
go into mechanical oscillation, and exhibit a number of resonant firequencies. 

[0042] The crystal 214 has an equivalent electrical circuit 216 that is shown in 

FIG, 2D. LC circuit 216 includes a series resonant circuit 217 that represents the 
equivalent circuit corresponding to the piezoelectric effect for the crystal 214 that 
was described above. The series resonant circuit 2 1 7 includes a motional inductor 
Lm 219, a motional capacitor C,^ 220, and a motional resistor R^, 222. 
Additionally, the LC circuit 216 has a package capacitance Cp 21 8 that represents 
the capacitance associated with the electrical package that the crystal is 
mounted in. 

[0043] The impedance plot for the crystal equivalent circuit 2 16 is shown in FIG. 

3C. As shown in FIG. 3C, the impedance plot includes a first resonance 302 and 
a second resonance 304. The first resonance 302 is a series resonance that occurs 
at the frequency where the impedance of the Lm 219 and the C^ 220 cancel each 
other, and can be calculated by using Eq. 1 . The second resonance 304 is a parallel 
resonance that occurs at the frequency where the admittance of the series resonant 
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circuit 217 and the admittance of the Cp 218 cancel each other, which can be 
determined by using Eq. 5 herein. 

[0044] In radio frequency applications, 1 0 MHZ is a popular reference frequency. 

However, standard value commercially available crystals are not resonant at 10 
MHZ without adding an additional capacitance 224 in parallel with the crystal 214 
as shown in FIG. 2E. FIG. 2F illustrates the equivalent circuit 225 of the crystal 
resonator 214 with the added capacitance 224. The additional capacitance 224 can 
be varied to tune the parallel resonance 304 to a desired frequency (e.g. 10 MHZ) 
by changing the total parallel capacitance of the equivalent circuit 225. 

[0045] The Q of a crystal is typically substantially higher than resonators that are 

comprised of discrete circuit elements (i.e. discrete inductors and capacitors). For 
example, FIG. 4 illustrates several impedance curves 402 for resonant LC circuits 
having different Q values. Referring to FIG. 4, the curves 402a-c are representative 
of LC circuits that are made of discrete components, such as LC circuits 201 and 
207 described herein. Whereas, the curve 402d is representative of a crystal, such 
as crystal 214. As shown, the crystal impedance curve 402d has a substantially 
sharper resonance at the resonant frequency (1.0 MHZ in this example) when 
compared to the other impedance curves 402a-c. This occurs because the ratio of 
the motional resistance (R^ 222) to the motional reactance (L,^ 219 and C^^ 220) 
of the crystal 214 is much smaller than the ratio of the parasitic resistance to the 
reactance of the lumped LC circuits 201 and 207. 

[0046] As mentioned above, the bias resistor 106 represents one or more resistors 

that bias the active device 104. The active device 104 typically includes one or 
more transistors and incorporates the bias resistor 1 06 to provide DC power for the 
transistors. The biias resistor 106 can be integrated within active device 104 
depending on the specific circuit configuration that is utilized, as will be 
understood by those skilled in the relevant arts. The bias resistor 106 generates 
thermal noise voltage that increases with increasing temperature, resistance, and 
circuit bandwidth according to the following equation: 
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V„'=4kTRB, where: Eq. 4 

T= temperature in kelvin 
R= resistance 
k= Boltzmann's constant 
B= bandwidth in hertz. 

The thermal noise from the resistor 106 modulates the zero crossing of the output 
signal 1 12 of the oscillator 100. Since the output signal 1 12 is hard limited in the 
oscillator 100 (because to the oscillator 100 is in saturation), the thermal noise 
from the resistor 106 leads to higher phase noise in the output signal 112. As 
shown in FIG. IC, the phase noise manifests itself as energy "skirts" 1 14 in the 
output signal 1 1 2 around the resonant frequency fo. 
[0047] Phase lioise is undesirable in reference signals that are the basis for 

frequency multiplication. For instance, FIG. 5 illustrates the oscillator 1 00 driving 
a synthesizer 502 to generate a LO signal 506. The synthesizer 502 includes a 
multiplier 504 that multiplies the frequency of the oscillator output signal 1 12 by 
a factor of N, to generate the LO signal 506 that is used for frequency mixing in 
a mixer 508. Frequency multiplication (which is equivalently phase multiplication) 
enhances phase noise spectral density as the square of the multiplication factor, so 
that higher order multiplication of a noisy reference signal should be avoided. 
More specifically, phase noise density in the LO signal 506 will increase as a 
factor of N^, where N represents the amount of frequency multiplication. The 
mixer 508 down-converts a RF signal 5 10 by frequency mixing the RF signal 5 1 0 
with the LO signal 506 to generate an IF signal 512. 

2. Phase Noise Reduction in Oscillator Circuits 

[0048] FIG. 6 illustrates an oscillator 600 according to embodiments of the present 

invention. The oscillator 600 is similar to the oscillator 100 except that the 
oscillator 600 includes a feedback circuit 602 that is connected across the active 
device 104. The feedback circuit 602 is connected in parallel with the resonator 
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102 across the terminals 108 and 1 10 of the active device 104. The feedback 
circuit 602 includes inductor 604 and a resistor 606. 
[0049] The feedback circuit 602 provides a DC path from the terminal 1 08 to the 

terminal 1 10 for any thermal noise that is generated by the bias resistor 106, As 
such, the thermal noise from the bias resistor 106 is shorted-out and does not 
increase the phase noise floor of the output signal 1 12. The feedback circuit 602 
is redundant if the resonator 102 is the parallel LC configuration 207 (FIG. 2B) 
because the inductor 210 already provides a DC path across the terminals 108 and 
110. However, the feedback circuit 602 is not redundant if the resonator 102 is the 
series LC configuration 201 (FIG. 2 A) because the capacitor 204 operates as a DC 
block that prevents DC and low frequency energy from passing through the 
resonator 201. Additionally, the feedback circuit 602 in not redundant for the 
crystal 2 1 4 because the Cp 2 1 8 and the Cm 220 (shown in the equivalent circuit 
216) also operate as a DC block that blocks the feedback of DC and low frequency 
energy. 

[0050] In addition to nullifying thermal noise, the inductor 604 in the inductor 

circuit 602 combines with the parallel capacitance in the resonator 1 02 to cause an 
(unwanted) low frequency parasitic resonance. For instance, in the crystal 214, the 
inductor 604 combines with Cp 218 (or the parallel combination of Cp 218 and 
Cadd 224) to cause an (unwanted) low frequency parasitic resonance. Preferably, 
the value of the inductor 604 is sufficiently large so this parasitic resonance does 
not shift the oscillation frequency of the oscillator 600 from the resonant frequency 
fo of the resonator 1 02. The inductor 604 should be selected so as not interfere with 
the feedback path provided by the resonator 102 at the resonant ft-equency fg. 
Accordingly, the parallel combination of the inductor 604 and the resonator 102 
should not substantially shift the resonant frequency fo of the resonator 102, so as 
not to change the operating frequency of the oscillator 600, This can be 
accomplished by assuring that the parasitic resonance that is caused by the 
inductor 604 is lower than the frequency of the desired resonance of the resonator 

102 by approximately a factor of Vio. In other words, the parasitic resonance 
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occurs at a frequency that is approximately VoT of the frequency of the desired 

resonance, or lower. For example and without limitation, assuming that the 
resonator 102 has an intended resonance at 10 MHZ, then the parasitic resonance 
caused by the inductor 604 should preferably be approximately 3 MHZ, or less. 
For a given capacitance value, a minimum value for the inductor 604 can be 
determined from Eq. 1. Assuming that the resonator 102 has an equivalent 
capacitance of 20 pF, then the value of the inductor 604 should be approximately 
100|iH (or greater) in order to assure that the parasitic resonance is at 3 MHZ or 
below. Note that if the additional capacitance 224 (FIG. 2E) is utilized for tuning 
the crystal resonance, then the capacitance that is used to calculate the inductor 
604 is the parallel combination of Cadd 224 and Cp 21 8. 

[0051] The resistor 606 dampens out any unwanted parasitic oscillations that are 

caused by the addition of the inductor 604. The parasitic oscillations correspond 
to the parasitic resonance that was described above for the inductor 604. It is 
preferable to suppress these parasitic oscillations even if the parasitic oscillation 
frequency is far removed from the intended oscillation frequency because the 
parasitic oscillations will divert signal power from the intended oscillation 
frequency, possibly to the extent of completely suppressing the intended 
oscillation. Additionally, the parasitic, oscillations will frequency mix with 
intended oscillation frequency, and generate spurious signals in the output 
oscillator signal 1 12, which reduces overall spectral purity. 

[0052] The value of the resistor 606 should be sufficiently large to suppress the 

unwanted oscillations that are associated with the inductor 604. However, the 
resistor 606 should be no larger than necessary as the resistor 606 generates 
unwanted thermal noise that increases with the resistance value according to Eq. 
4. The thermal noise of the resistor 606 increases the phase noise of the oscillator 
output signal 1 12 just like the bias resistor 106, and therefore defeats the purpose 
of the feedback circuit 602 if the resistor 606 is top large. The exact valiie of the 
resistor 606 will depend on the specific application, circuit configuration, and 
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active device gain, as will be understood by those skilled in the relevant arts. In 
embodiments, the value of the resistor 606 should be less the value of the bias 
resistor 106. In embodiments, the resistor 606 is a potentiometer (i.e. variable 
resistor), which allows for a variable amount of resistance to be added to or 
subtracted from the feedback circuit 602. In alternate embodiments, the resistor 
■ .606 is a fixed resistor. 

[0053] The flowchart 700 further describes the operation of the oscillator circuit 

600, and phase noise reduction according to the present invention. The order of the 
steps in the flowchart 700 is not limiting as some (or all) of the steps can be 
performed simultaneously or in a different order, as will be understood by those 
skilled in the relevant arts. 

[0054] In step 702, the resonator 102 causes the active device 104 to oscillate at 

the resonant frequency fo of the resonator 102, generating the output signal 112 
. that is preferably a pure tone at fo. The resonator 1 02 provides a positive feedback 
path for the active device 104 at the resonant frequency fo, thereby causing the 
active device 104 to oscillate at fo. The resonator 102 can be anyone of the 
resonators that are shown in FIGs. 2A-2F, or other resonators that will be apparent 
to those skilled in the relevant arts based the discussion given herein. In a preferred 
embodiment, the crystal 224 is the resonator of choice because of its superior Q 
as described herein. 

[0055] In step 704, the bias resistor 106 generates thermal noise. The magnitude 

of the thermal noise voltage increases with temperature, resistance, and circuit 
bandwidth, according to Eq. 4. 

[0056] In step 706, the external inductor circuit 602 shorts out at least some of the 

thermal noise that is generated by the bias resistor 106, and prevents this thermal 
noise from increasing the phase noise floor of the oscillator otitput signal 1 12. 
More specifically, the inductor 604 arid the resistor 606 provide a DC feedback 
path (and a low frequency feedback path) between the terminals 108 and 1 10 of 
the active device 104. The resistor 606 dampens out any parasitic oscillations that 
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are caused by the inductor 604 resonating with the capacitance in the resonator 
102. 

[0057] In step 708, the additional capacitance Cadd 224 can be tuned to adjust the 

center frequency of the oscillator 600. When the crystal 214 is used as the 
resonator 102, the capacitance 224 is often added in parallel with the crystal 214 
to fine tune the oscillator frequency. If the DC feedback circuit 602 causes the 
oscillator frequency to shift, then the capacitance 224 can be adjusted to 
compensate for the frequency shift. 

[0058] FIG. 10 illustrates an oscillator circuit 1000 that has an alternate 

configuration for the external inductor circuit. More specifically, the oscillator 
circuit 1000 has an external inductor circuit 1002 with two resistors 1004a and 
1004b, in addition to the inductor 604. The resistors 1004 are approximately 14 of 
the value of the resistor 606 that is shown in FIG. 6. 

3. Differential Crystal Oscillator and Phase Noise Reduction: 

[0059] FIG. 8 illustrates a differential crystal oscillator 800 as one embodiment 

of the crystal oscillator 100. The differential crystal oscillator 800 is meant for 
example purposes only and is not mearit to limit the inverition in any way. Other 
oscillator configurations could be utilized to practice the invention, as will be 
understood by those skilled in the relevant arts based on the discussions given 
herein. 

[0060] The differential crystal oscillator 800 includes a current source 802, an 

active device 804, bias resistors 810a and 810b, an active bias circuit 812, and a 
crystal resonator 214. The active device 804 oscillates at the resonant frequency 
fo of the crystal 214, to produce a differential output signal 821 that can be taken 
across the nodes 820a and 820b. The active bias circuit 812 and the bias resistors 
810 provide DC bias for the active device 804. The structure and operation of the 
differential crystal oscillator 800 is discussed in further detail as follows. 
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[0061] The active device 804 includes cross-coupled transistors 806a and 806b 

that oscillate at the resonant frequency of the crystal 214. The drain of transistor 
806a is coupled to the gate of transistor 806b through a capacitor 808a. Likewise, 
the drain of transistor 806b is coupled to the gate of the transistor 806a through a 
capacitor 808b. This cross coupled arrangement provides a feedback path for AC 
signals that pass through the capacitors 808. The crystal 214 is coupled across the 
nodes 820a and 820b, which are also the drains of the respective transistors 806a 
and 806b. As such, the crystal 2 14 is coupled in parallel with feedback path for the 
cross coupled transistors 806a and 806b, At resonance, the impedance of the 
crystal 214 becomes an open circuit, and causes a positive feedback condition to 
exist between the transistors 806 at the resonant frequency fo of the crystal 214. 
The positive feedback causes the transistors 806 to oscillate at the resonant 
frequency fo of the crystal 214, and produce the differential output signal 82 1 that 
can be taken across the nodes 820a and 820b. The capacitors 818a and 818b are 
used to tune to the output frequency of the crystal oscillator 800, and therefore 
function as the capacitor C^dd 224 in FIG. 2F. 

[0062] The transistors 806 are not directly coupled to each other because doing so 

would cause the transistors to latch-up. In other words, one transistor 806 would 
turn-on all the way and the other transistor 806 would be cutoff, preventing the 
desired oscillation. The capacitors 808 prevent the lock-up condition by blocking 
DC feedback between the respective gates and drains of the transistors 806. 

[0063] The active bias circuit 812 includes two diode connected transistors 816a 

and 8 1 6b. The resistor 8 14a connects the drain and gate of the transistor 8 16a to 
form the diode connection for the transistor 8 16a, The resistor 8 14b connects the 
drain and gate of the transistor 8 1 6b to form the diode connection for transistor 
816b. The diode cormected transistors 816a and 816b provide a stable common 
mode drain voltage at nodes 820a and 820b, based on the current source 802. 

[0064] The bias resistors 8 1 Oa and 8 1 Ob are also connected to the nodes 820a and 

820b (through the resistors 814) and provide gate bieis voltage for the transistors 
806. More specifically, the resistor 810a provides DC bias for the gate of the 
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transistor 806b, and the resistor 810b provides DC bias for the gate of the 
transistor 806a. 

[0065] As shown, the bias resistors 810 are also connected to the feedback 

capacitors 808, and shunt away some of the feedback signal that is meant for the 
transistors 806, thereby reducing the overall gain of the transistors 806. If the gain 
is reduced too much, then the positive feedback will be quashed, and the 
transistors 806 will not oscillate as intended. Therefore, the resistors 810 should 
be relatively large to maintain the gain of the active circuit 804. In embodiments, 
the value of the resistors 810 are in the 10k ohm range, but other resistor values 
could be utilized as will be understood by those skilled in the relevant arts. The 
bias resistors 810 generate thermal noise voltage that increases with their 
resistance value according to the Eq. 4. As discussed herein, this thermal noise 
voltage is undesirable because it increases the phase noise floor of the oscillator 
output signal. 

[0066] The differential crystal oscillator 800 is further described in U.S. Patent 

Application entitled," Differential Crystal Oscillator", Ser No. 09/438,689, filed 
on November 12, 1999, Attorney docket no. 33758/LTRyB6, which is 
incorporated herein by reference in its entirety. 

[0067] FIG. 9 illustrates the oscillator 800 with the inductor circuit 602 connected 

across the output nodes 820a and 820b of the oscillator 800. The inductor circuit 
602 is also in parallel with the crystal 214. The inductor circuit 602 provides a 
DC feedback path across the output nodes 820a and 820b for any thermal noise 
from the bias resistors 810 and the feedback resistors 814. As such, the thermal 
noise from the bias resistors 810 and the feedback resistors 8 1 4 is shorted-out and 
does increase the phase noise of the oscillator output signal 821 . 

[0068] As stated above, the inductor circuit 602 is in parallel with the crystal 214. 

Therefore, the inductor 604 can resonant with the equivalent capacitance of the 
crystal 214 to cause an (unwanted) parasitic resonance. For instance, the inductor 
604 could resonate with the package capacitance 2 1 8 (FIG. 2D) or the combination 
of the package capacitance 218 and the added capacitance 224 (FIGs. 2E-F). 
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Preferably, the value of the inductor 604 is sufficiently large so this parasitic 
resonance does not shift the oscillation frequency of the oscillator 800 from the 
resonant frequency f© of the crystal 214. Accordingly, the peirallel combination of 
the inductor 604 and the crystal 214 should not substantially shift the resonemt 
frequency fo of the crystal 2 1 4, so as not to change the operating frequency of the 
oscillator 800. This can be accomplished by assuring that the parasitic resonance 
caused by the inductor 604 is lower than the intended resonant frequency of the 

crystal 214 by at least approximately a factor of Vol . For example and without 

limitation, if the crystal 214 is resonant at 10 MHZ, then the parasitic resonance 
caused by the inductor 604 should preferably be approximately 3 MHZ, or less. 
For a given capacitance value, a minimum value for the inductor 604 can be 
determined from Eq. 1. For example, if the crystal 214 has an equivalent 
capacitance of 20 pF, then the value of the inductor 604 should preferably be 
approximately lOOnH (or greater) in order to assure that this parasitic resonance 
is at 3 MHZ or below. Note that if the added capacitance 224 (FIGs. 2E-F) is 
utilized for tuning the crystal resonance, then the total capacitemce that is used for 
in the determination of the inductor 604 is the parallel combination of the 
capacitor 224 and the capacitor 218. 

[0069] The resistor 606 dampens out any unwanted parasitic oscillations that are 

caused by the addition of the inductor 604. The parasitic oscillations correspond 
to the parasitic resonance that was described above for the inductor 604. It is 
important to suppress these unwanted oscillations even if the parasitic oscillation 
frequency is far removed from the intended oscillation frequency because the 
parasitic oscillations will divert signal power from the intended oscillation 
frequency. Additionally, parasitic oscillations will frequency mix with intended 
oscillation frequency and generate spurious signals in the output oscillator signal 
821, which reduces overall spectral purity of the oscillator signal 821, 

[0070] The value of the resistor 606 should be sufficiently large to suppress the 

unwanted oscillation modes caused by the inductor 602. However, the resistor 606 
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should be no larger than necessary as the resistor 606 generates unwanted thermal 



noise that increases with the resistance value according to Eq. 4. The thermal noise 
of the resistor 606 increases the phase noise of the oscillator output signal 82 1 just 
like the bias resistors 810, and therefore defeats the purpose of the inductor circuit 
602 if the resistor 606 is too large. As such, the resistor 606 should be no larger 
than the bias resistors 810, which are approximately lOk ohms for some 
applications. In embodiments, the resistor 606 is a potentiometer (i.e. variable 
resistor), which allows for a variable amount of resistance to be efficiently added 
to or subtracted from the inductor circuit 602. 

4. External Inductor Determination 

[0071] As stated above, in embodiments of the invention, the inductor 604 is 

selected so that the parasitic resonance that is caused by the inductor 604 is 

approximately Vol of the frequency of the desired resonance of the crystal 214. 

The following discussion and equations provide mathematical support for this 
determination. 

[0072] Referring to FIG. 2F, the parallel resonance for the crystal 214 occurs at 

the frequency where the admittance of the series resonant circuit 217 cancels the 
admitt£ince of (Cp 2 1 8 II C^dd 224). Assuming in the equations below that (Cp 
21 8 II C^DD 224), then the parallel resonance is determined by the equation 5 below: 




Eq. 5 



1 



where 



Eq.6 
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(0073) When the external inductor circuit 602 is included as in FIG. 6, and 

ignoring the series resistor 606, then it can be shown that the parallel resonance 
becomes: 



C 



' 2 



M 



1- 



parasitic 



Eq. 7 



where cOparasuic represents the (unwanted) low frequency resonance that is caused 
by the external inductor 604 resonating with C«. Based on Eq. 7 it is desirable that: 



CO 



parasitic 



<0.1 



Eq. 8 



According to Equation 8, it is preferable that the frequency of the parasitic 
resonance is approximately Vol of the frequency of the desired resonance, or 
lower. Stated another way, the parasitic resonance is preferably lower than the 

frequency of the desired resonance by at least approximately a factor of VTO .The 

result is that the effect of the external inductor 604 on the parallel resonance of the 
crystal 214 will be less than the tolerance of the additional capacitor 224, which 
is typically 5-10% of the capacitor 224 value. 

5. Other Applications 



[0074] The noise reduction invention described herein has been discussed in 

reference to a crystal oscillator. However, the noise reduction invention is not 
limited to crystal oscillators. The noise reduction invention is applicable to other 
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oscillator circuit configurations, including oscillator circuits that use other types 
of resonators, such as discrete circuit elements. Additionally, the noise reduction 
invention is applicable to other (non-oscillator) active circuits that can benefit from 
a low frequency feedback path that shorts-out thermal noise. The application of 
this noise reduction invention to these other active circuits will be understood by 
those skilled in the relevant arts based on the discussions given herein, and are 
within the scope and spirit of the present invention. 

6. Conclusion 

[00751 Example embodiments of the methods, systems, and components of the 

present invention have been described herein. As noted elsewhere, these example 
embodiments have been described for illustrative purposes only, and are not 
limiting. Other embodiments are possible and are covered by the invention. Such 
other embodiments will be apparent to persons skilled in the relevant art(s) based 
on the teachings contained herein. Thus, the breadth and scope of the present 
invention should not be limited by any of the above-described exemplary 
embodiments, but should be defined only in accordance with the following claims 
and their equivalents. 
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